Introduction
in rat cortex of the stem/progenitor cells marker nestin. Nestin is an intermediate filament of neuroepithelial derivation
that has been detected in stem/progenitor cells of neural and non-neural tissues [13] . We found that a nestin-expressing cell population is present in rat leptomeninges during embryonic stages up to adulthood. Leptomeninges, which include arachnoid and pia mater, cover the entire CNS and are filled with cerebrospinal fluid produced by choroid plexi. All the major arteries supplying the brain pass through leptomeninges and form branches while penetrating the cortex [14] . Interestingly, every parenchymal vessels inside the CNS are surrounded by a perivascular space (Virchow-Robin space) formed by the extroflexions of leptomeninges (arachnoid and pia mater) filled with cerebrospinal fluid [15] [16] [17] . Thus, leptomeninges are widely spread inside the CNS parenchyma, including the choroid plexus.
Leptomeninges form a complex microenvironment that has important functions for the normal cortex development [18] . [19] [20] [21] [22, 23] and extracellular matrices (e.g. laminin, collagen IV, fibronectin) [24] [25] [26] that ensure correct cortical development. Abnormal function/structure of leptomeninges causes altered cortical histogenesis, as in the case of cobblestone lissencephaly (type II) , where the fragmentation of pia mater basal membrane leads to the formation of cortical neurons protruding into the sub-arachnoid space [27] .
, cell types (e.g. pia mater cells, radial glia, neural precursor cells, Cajal Retzius cells, glia limitans cells)

The peculiar spatial relationships of leptomeninges in CNS, their role in cortex development and our serendipitous discovery of nestin-positive cells prompted us in determining whether leptomeninges could be a possible stem cell niche hosting stem/progenitor cells with neuronal differentiation potential. In this work, we show that nestin-positive cells can be extracted from leptomeninges and expanded in vitro both as neurospheres, displaying high similarity with SVZ-derived NSCs, and as homogeneous cell population with stem cell features. In vitro expanded stem/progenitor cells can be induced to differentiate with very high efficiency in excitable cells with neuronal morphology and phenotype. When injected into adult brain, these cells survive and differentiate into neurons, thus showing that their neural differentiation potential is operational also in vivo.
Material and methods
Brain perfusion and immunofluorescence
The animals were perfused with 4% paraformaldehyde in PBS. Brains were dissected, fixed in 4% paraformaldehyde solution and then left in 10% and subsequently 30% sucrose solution. By freezing microtome 30-m-thick coronal brain sections were cut and processed by immunofluorescence as previously described [28] . Briefly 
Flow cytometric analysis
Samples of fresh tissue extracts and cultured cells were analyzed by flow cytometry using standard methods [30] . 
Intracellular calcium imaging
Cells immunofluorescence
Cells on cover slips were immunostained as previously described [31] . Briefly, cells were first fixed, blocked and permeabilized. Slides were incubated for 10 min. with the nuclear dye DAPI (Sigma); then, immunostaining was performed with standard procedure using primary antibodies and fluorochrome-conjugated secondary antibodies. Fig. 2A and B) in the leptomeninges. This cell population was distinct from astrocytes (Fig. 2C) .
5-bromo-2-deoxyuridine (BrdU) labelling
Results
Nestin-positive cells are present in rat leptomeninges during development up to adulthood
Immunofluorescence confocal microscopy with anti-nestin antibodies was used to identify potential stem cell sites in coronal sections of rat brain cortex at different stages of development. Figure 1 shows that nestin-positive cells were present in peripheral cell layers of the parietal cortex of brains obtained from embryos (embryonic day 20 [E20]), animals at different post-natal days (P1, P8, P15) and in adulthood. The distribution of nestin-positive cells within the cortical layers decreased over time but persisted in the superficial layer covering the cortex up to adulthood. As previously described by several groups, nestin-positive cells were present at high density in the SVZ at all the developmental stages and in adults [32] (positive control). Interestingly nestin-positive cells were also present in choroid plexus. To better define and characterize this population of nestin-positive cells, we first analyzed the distribution of this marker in comparison with that of laminin (a specific marker of pia mater) [19] and glial fibrillary acidic proteins (GFAP, a marker of glial cells). DAPI staining was used to visualize cell nuclei. Figure 2 was obtained from P15 rat brains and indicates that the nestin-positive tissue was a layer of densely packed nucleated cells residing outside the pia mater boundary of the cortex (as shown in details in
We then assessed whether the nestin-positive cell population included vascular cells. To this aim, we used antibodies against NG2 (integral membrane chondroitin sulphate proteoglycan, Cspg4) a marker of smooth muscle cells [33] and of microvascular pericytes [34] . As shown in Fig. 2D , the nestin-positive cell population did not include NG2-positive vascular cells.
In vitro expansion of the nestin-positive cell population derived from leptomeninges
Leptomeninges were stripped from the brain surface of P15 rats (n ϭ 6 experiments, 10 animals each); the stripped samples also included the outermost layers of the cortex (Fig. 3A) . Mechanically [36] (Fig. 4B and C) . Quantitative gene expression assay was performed to analyze self-renewal regulators (Pou5f1/Oct4 [37] , Nanog [38] , Sox2 [39] ), genes related to the undifferentiated state maintenance (Tdgf1/Cripto-1, Smad4, and Nestin) [40, 41] and genes related to neural differentiation (Klhl1, Gfap, Mtap2) [42] . Comparison of gene expression between SVZand leptomeninges-derived neurospheres were shown in Fig. 4D . (Fig. 4D ) was observed. Statistically significant differences (P Ͻ 0.05) were observed for differentiation genes Gfap and Mtap2 only (Fig. 4D) .
Data were normalized for beta-actin expression level and were expressed as ratios between the two populations. A tight correlation between the gene expression pattern of SVZ-NSC-derived neurosphere and the leptomeninges-derived neurospheres
Adherent stem cell growth condition. We tried to overcome the complexity [36, 43, 44] [45]/endothelial (CD105, CD31, CD106) [46] lineages and were positive for CD90, a non-specific marker of neural cells and stromal cells [47] (Fig. 5E) . Immunofluorescence microscopy confirmed that expanded cells were a homogeneous population of nestin-positive cells (Fig. 5D) Fig. 6C ) and the expression of presynaptic protein synaptophysin (Fig. 6E) Fig. 6D (Fig. 8) . (Fig. 8A) . EGFPϩ cells close to the injection point were surrounded by abundant GFAP-expressing astrocytes (Fig. 8B) . Most of the transplanted cells at the injection site expressed nestin (Fig. 8C) ; EGFPϩ/GFAPϩ and EGFPϩ/NG2ϩ double positive cells were rarely detected (Fig. 8D and E) . Fig. 9A-D) . In this site, some of the grafted cells displayed complex morphology resembling the pyramidal neurons of the hippocampus (Fig. 9B') . EGFPϩ/MAP2ϩ engrafted cells were detected in the pyramidal layer and in the stratum oriens (Fig. 9C) (Fig. 9F) .
01) as compared with adherent cultured SVZ-NSC. By contrast, adherent/expanded leptomeningeal cells expressed lower neural differentiation genes, such as Mtap2 (MAP2) and Gfap as compared with adherent cultured SVZ-NSC (Fig. 5F). These findings were in line with data obtained by FACS and immunofluorescence, and they suggest a homogeneous phenotype of adherent/ expanded leptomeningeal cells. © 2009 The Authors Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 4 In vitro expansion of the tissue extract in neural stem cell growth conditions. Floating neurospheres were obtained, with morphology and phenotype comparable to those of SVZ-NSC-derived neurospheres. (A) Transmitted light of leptomeningeal-derived neurosphere. Confocal image of neurospheres stained with MAP2 (green), nestin (red) and DAPI (blue) (B), or MAP2 (red) and GFAP (green) (C), scale bar 100 m. (D) Relative gene expression analysis. For each sample, expression levels of different genes were normalized to levels of beta-actin mRNA. The bars show fold change Ϯ S.D. in transcription of normalized mRNA expression levels measured for leptomeninges-derived neurosphere compared to SVZ-NSC-derived neurosphere.
Fig. 3 Tissue sampling. (A)
In vitro neuronal differentiation of expanded leptomeninges-derived cells
To determine whether the leptomeningeal adherent/expanded cells had neural differentiation potential, they were cultured with differentiating medium for at least 1 month and then analyzed for the presence of the neural marker MAP2. Real-time gene expression analysis of leptomeninges-derived cells in basal condition and after differentiation showed a statistically significant increase in Mtap2 (MAP2) and decrease in nestin expression levels (P Ͻ 0.01). Immunofluorescence analysis showed that cells differentiated in cultures into MAP2-positive neurons with high efficiency (30-50% of cells, n ϭ 6 experiments; Fig. 6B-D). Most of MAP2-negative cells were nestin-positive. Some GFAP-positive astrocytes and rare NG2-or O4-positive oligodendrocytic precursors were also found in the differentiated cultures (data not shown). Moreover, MAP2-positive cells showed other features of neuronal phenotype, including distinct neuritic arborization, dendritic spines (arrows in
. A fraction of the differentiated MAP2-positive cells also expressed the GluR2 sub-unit of the ionotropic AMPA-glutamate receptor (Fig. 6G) and the glutamate decarboxylase (GAD67), marker of GABAergic neurons (Fig. 6F). These terminally differentiated cells were not residual adult neuronal cells from tissue extract. This was demonstrated by incubating nestin-positive cultures with BrdU for 9 hrs before inducing differentiation. As shown in
In vivo neuronal differentiation of leptomeninges-derived cells
Transplantation studies were performed to determine whether adherent/expanded cells derived from leptomeninges of P15 rats could generate neural cell types in vivo. To recognize injected cells, expanded leptomeningeal nestin-positive cells were derived from EGFP-transgenic rats [29]. Cells were stereotaxically injected into the hippocampus of adult rats (n ϭ 8). Immunofluorescence analysis with anti-EGFP antibody revealed the presence of EGFPϩ cells in hippocampus 4-8 weeks after transplantation
EGFPϩ cells were not detected in the control rat (non-injected adult rats or rats injected with vehicle only). Real-time PCR confirmed that EGFP expression was restricted to injected rats (data not shown). To evaluate the differentiation of engrafted cells, 30-m-thick sections were analyzed by confocal microscopy following immunostaining with anti-EGFP antibody and markers for either undifferentiated cells (nestin) or neurons (MAP2) or astrocytes (GFAP) or oligodendrocyte precursors (NG2). The injection needle track was recognizable in the CA2-CA3 hippocampal region
Sixty days after injection, 49.8 Ϯ 17.9% of the EGFPϩ cells found in the hippocampus were also MAP2-positive (n ϭ 4, see Materials and Methods). Most EGFPϩ/MAP2-cells were nestinpositive, undifferentiated cells. Most of the EGFPϩ cells were located in the CA1 region (
. Not all the EGFPϩ cells observed in this layer also expressed MAP2, even if they displayed neuronal morphology and appeared to be well integrated within the CA1 (Fig. 9D and E). Transplanted cells displaying distinct neuronal morphology and MAP2 expression were also found in the hilus and in the sub-granular zone (SGZ) of the dentate gyrus
Discussion
In this work, we analyzed the leptomeningeal compartment of the rat brain to assess whether a stem cell population with neuronal differentiation potential is present in this structure. Indeed, we found that (i) nestin-positive cells are present in the leptomeningeal compartment at the embryonic stages and persist up to adulthood, (ii) leptomeningeal nestin-positive cells can be extracted and cultured as neurospheres with features similar to the NSC-derived neurospheres, (iii) leptomeningeal nestin-positive cells can be cultured as adherent cells and expanded in vitro as homogeneous population of nestin-positive cells that highly express many of the stemness-related genes, (iv) expanded nestin-positive cells can be induced to differentiate in vitro with high efficiency to generate excitable neurons and (v) expanded cells can differentiate into neurons when injected into brains of living rats.
Previous studies described the distribution of stem cell markers inside the brain [49] extracellular matrix components endowed of trophic functions [52] 
Fig. 6 In vitro neural differentiation of leptomeningeal cells after adherent culture expansion (A) Real-time gene expression analysis of Nestin and Mtap2 (MAP2) in leptomeninges-derived cells in basal condition and after differentiation. The bars show folds change Ϯ S.D. of normalized mRNA expression levels measured before and after differentiation (P Ͻ 0.01). (B, C, D) Differentiated cells, stained with antibodies against MAP2 (red). Arrows in (C) indicate dendritic spines. (D) BrdU staining (green) indicates that the MAP2-positive cells (red) derived from replicating cells. MAP2-positive cells also expressed components of the synaptic apparatus, including the presynaptic marker synaptophysin (E), the glutamate ionotropic receptor sub-unit GluR2 (G) and glutamate decarboxylase (GAD67) (F). Scale bars 50 m.
This was done by injecting expanded nestin-positive cells in hip-
